were induced in a portion of the protoplast population ( Figure 1C) . As there were no other A 1 3 8 bases in the targetable window, successful mutation of the specific A could be screened by Because we observed less base editing efficiency at the Z3 locus in our protoplast assay base. The target A for Z3 is more proximal (7th) to the PAM than the target base (5th) for Wsl5. Therefore, we decided to use both pKABE7.10 and pKABE7.9 binary constructs for stable 1 5 0 transformation and regeneration of transgenic plants. Based on the earlier report in the 1 5 1 mammalian system, ABE7.9 could be more efficient than ABE7.10 for a target A proximal to 1 5 2 PAM (Gaudelli et al., 2017) . A total of 160 and 165 hygromycin resistant transgenic plants were 1 5 3 regenerated with the pKABE7.10 and pKABE7.9 binary constructs, respectively. To evaluate 1 5 4 base editing, genomic DNA was isolated from each of the regenerated plants and initially 1 5 5 screened for the presence of base editors by ABE specific PCR primers. We obtained 142 and 1 6 8 were obtained exhibiting 1.7% editing efficiency. Interestingly, all the edited T 0 plants obtained 1 6 9
were heterozygous in edited loci as evidenced from partial sensitivity to RE digestion and Collectively, these experiments demonstrate the feasibility of simultaneous generation of single 1 7 3 base edited mutants for two different genes. While we initially intended to obtain individual 1 7 4 plants with both sites mutated, due to the low efficiency of base editing at the Wsl5 locus, we 1 7 5 were unable to obtain stable transgenic lines with both types of mutations. Next, we sought to follow segregation of the targeted mutations in the T 1 generation. T 1 1 7 9 plants derived from the self-pollination of T 0 monoallelic mutant lines were subjected to 1 8 0 9 inheritance pattern analysis. Like the analysis done for the T 0 plant, we performed targeted 1 8 1 amplification and RE analysis from the T 1 plants. Among the four Z3 mutant lines tested, 1 8 2 segregation of the mutation in two lines (10-105, and 9-38) did not follow the expected 1 8 3
Stable inheritance and segregation of targeted mutations
Mendelian ratio (1:2:1). The other two lines (10-51, and 9-86) followed the Mendelian law as 1 8 4 evidenced from the calculated chi-square (χ 2 ) value being less than the critical value (p < 0.05). Similarly, among the Wsl5 mutant lines, one line (9-79) exhibited deviation from Mendelian 1 8 6 segregation pattern and two lines (10-145, and 9-72) showed segregation according to Mendelian 1 8 7 law. On the contrary, when we calculated the segregation pattern of base-editors based on ABE 1 8 8 specific PCR, all three lines showed inheritance following Mendelian 3:1 ratio. Taken together, 1 8 9 these results suggest that the mutation generated by plant adenine base editors are stably 1 9 0 inherited to the next generation. Unintended editing in non-target bases of the protospacer and in the nearby region is stimulated us to investigate if there is any new kind of base editing pattern in the T 1 plants. We have sequenced the target locus amplified from 14 plants from Z3/10-105 and 12 plants from Interestingly, we found that the 12 th base (A) of the Z3 protospacer sequence has been 2 0 0 changed to G in 7 plants out of 14 ( Figure 3A ). Out of these seven plants, two were homozygous 2 0 1 mutants for the 12 th base, and five were heterozygous. The T 0 plant 10-105 had exhibited editing 2 0 2 only at the 7 th position of the protospacer (targeted). However, the editing of this 12 th A indicates 2 0 3 1 0 the base editor is still active in the T 1 generation. pKABE7.10 showed an extended activity 2 0 4 window in contrast to what reported in the mammalian cells (Gaudelli et al., 2017) . Surprisingly, in the Wsl5 line (9-79), two plants showed unusual base conversion in the 2 0 6 activity window. One displayed a single G>A (4 th base) conversion, while the other showed a 2 0 7 single A>T (5 th base) conversion ( Figure 3B ), that is an unexpected behavior of adenine base 2 0 8 editor. The result provoked us to sequence more T 1 plants for unraveling any unintended editing. We did not observe any other type of unwanted mutation in any of the lines. We then assumed if 2 1 0 the active base editor could induce mutation in the other target locus in the single mutant plants 2 1 1 in T 1, i.e., checking Wsl5 locus in Z3 mutant plant and vice versa. Unfortunately, no single plant 2 1 2 was obtained with both the loci edited. Base conversion at the Wsl5 and Z3 loci translate to mutant phenotype 2 1 5
We further looked at whether the successful targeted base editing alters the phenotype of As expected, stunted growth phenotype in heterozygous plants was not as severe as in 2 2 2 homozygous plants ( Figure 4B ). We have noticed one or two of the leaves per mutant plant flowering was common in all the z3/z3 mutants. We observed 1-2 panicles per plant and fewer 2 2 5 number of seeds per panicle in the homozygous mutant, while the panicle numbers in 2 2 6 1 1 heterozygous (Z3/z3) plants were not significantly different from the wild type plants. We also 2 2 7 observed a reduction in seed size in the mutant plants in comparison to the wild type Kitaake 2 2 8 plants (Supplementary figure 2) . Interestingly, the plants with the edited 12 th A in the Z3 2 2 9 protospacer showed a similar phenotypic appearance as the z3/z3 homozygous mutant (7 th A in 2 3 0 the protospacer) (Supplementary figure 3) . The conversion of A>G at the 12 th position results in 2 3 1 a missense mutation valine to alanine (V540A) ( Fig 3A) .
The homozygous wsl5 mutant is known to exhibit white-striped leaves in the seedlings the conserved region of the first exon of the Wsl5 gene. We have noticed that the base-editing 2 3 6 derived homozygous (wsl5/wsl5) mutant Kitaake seedlings exhibited white stripe leaf phenotype For rapid verification of multiplexed base editing by ABE, we transfected rice protoplasts 2 9 6 with the vector pPr-ABE7.10 containing gRNA for both the targets. Target regions of Wsl5 and 2 9 7 Z3 were amplified by PCR from the genomic DNA harvested from protoplasts at 3-4 days post 2 9 8 transfection. As the target A bases are contained within recognition sites of SacI and SalI in Wsl5 2 9 9 and Z3 genes, respectively, successful base editing destroys the restriction sites. As evidenced 3 0 0 from CAPS analysis, 24.14 % of mutated Wsl5 was obtained, whereas the mutation frequency of 3 0 1 Z3 locus was about 13.31% (Fig. 1B) . A recent study in rice and wheat protoplasts reported A>G both the loci (Fig.2) . This finding, while preliminary, suggests that ABE works efficiently in Since we observed a lower percentage of base editing at the Z3 locus, we assumed the 3 1 1 position of target A (7 th base of the protospacer) might be one of the influencing factors. Due to 3 1 2 this assumption, we prepared two variants of adenine base editors pKABE7.10 and pKABE7.9. Although ABE7.10 was reported as the best one among the variants for the activity window ranging from the 4 th to 8 th base of the protospacer, ABE7.9 is better suited when the target base is 3 1 5 at the 8 th to 10 th position. We reasoned that the window might be different for the plant system and 7 th is not favorable for ABE7.10. When we analyzed the regenerated plants from for Wsl5 and 14% for Z3.
On the other hand, pKABE7.9 performed far better for Z3 with ~39% editing, but poorer 3 2 0
for Wsl5 with only 1.34%. This very low editing efficiency at Wsl5 locus could possibly be 3 2 1 attributed to many reasons. When we were planning for the study, we had bioinformatically 3 2 2 analyzed RNA fold pattern of sgRNA for both the loci and we noticed that Wsl5 sgRNA was far 3 2 3 better in its folding pattern with 3 stem-loop structures than the Z3 sgRNA folding. This indicates the folding pattern is unlikely to have affected the editing outcome for Wsl5 and Z3 example, rice PMS1 and OMTN1 were reported to be resistant to base editing with the tested Although earlier studies showed ABEs applicability in rice base-editing, they have not plant should all carry the homozygous mutation for that loci. However, if the generated mutation 3 5 0 is monoallelic in the first generation, there are chances of activity of base editor in the next 3 5 1 generation. That was likely the case in our study, which could explain why three of the tested the protospacer) by ABE7.10 in Z3 mutant line (10-105) (Fig.3A) . Earlier studies of ABEs in conversion in our study (Fig.3B) . In one plant, the target A was found to be converted to T. Mechanistically, ABE acts by deaminating deoxy-adenosine (dA) to deoxy-inosine (dI) which is 3 6 4 read as guanosine by replication machinery, and as a result, it causes a post-replicative transition 3 6 5 to G (Gaudelli et al., 2017) . Although deoxy-inosine:deoxy-cytidine (dI:dC) is the most stable replicative A>T conversion. That is one of the possible explanations for the A>T conversion we 3 6 8 observed. In another plant, we observed that an adjacent G (6 th base in the protospacer) was Most of the previous studies on rice have only reported evidence on genomic changes by 3 7 3 ABE and not provided direct evidence of mutant phenotypes (Hua et al., 2018a; Li et al., 2018; 3 7 4 Yan et al., 2018). One of the reasons to select Wsl5 and Z3 as the target genes in our study to 3 7 5 demonstrate ABE effectivity was that the base editing could be translated into a detectable 3 7 6 phenotype. We have analyzed segregation patterns of the mutation and obtained mutant 3 7 7 phenotypes in T 1 plants. White striped leaf phenotype was evident in the wsl5 mutant whereas 3 7 8 z3 mutant exhibited altered phenotypes like transverse dark green/green sectors in mature leaf, shortened plant height, delayed flowering, and reduced panicle size in T 1 plants (Fig.4) . These In comparison to wild type plants, the z3/z3 homozygous mutant in our study apparently 3 8 3 exhibited far more reduced height than that reported by Kim et al. (2018) . It is likely that this (Kitaake) from that used in the earlier study (Kinmaze) (Kim et al., 2018) . Our study is the first following study on both the two genes providing data on the mutant phenotypes that validate 3 8 7 their findings. Incidentally, as described earlier in the previous paragraph, we noticed editing of 3 8 8 12 th A in the protospacer of Z3 which causes V540A mutation. We tracked the development of 3 8 9 those plants carrying the heterozygous and homozygous mutation for 12 th A and observed similar 3 9 0 growth retardation. Homozygous plants showed a more prominent dwarf phenotype than the 3 9 1 heterozygous plants ( supplementary fig.2 ). This unexpected finding suggests that the change in 3 9 2 540 th amino acid can also cause a phenotype similar to the z3 which was reported to occur due to 3 9 3 alteration at 542 nd amino acids (Kim et al., 2018) . From this result, it can be assumed that the 3 9 4
Valine540 is as critical as the S542 residue for the natural structure and function of Zebra3 Base editing allows us to rapidly and precisely introduce desired single nucleotide 3 9 7 variation in the cultivated crop genome. In the present study, we developed targeted mutants for 3 9 8 two rice genomic loci in less than one year. Generation of the same kind of genetic variation DNA sequences from other species or the same species, faces tight regulation in many countries. presence of that DNA sequence in the genome. After the creation of intended genetic mutation, editor free mutants is crucial. In rice, transgene-free mutants could be readily obtained through 4 1 0 genetic segregation of the base editor. In the T 1 generation, we obtained both homozygous and 4 1 1 heterozygous wsl5 or z3 mutants which are Cas9-TadA-TadA* free. Earlier studies on plant ABE 4 1 2 did not report the generation of base editor free mutants (Hua et al., 2018a,b; Li et al., 2018 Communications 6, 4-9. Editing. Trends in Biotechnology, 2-5. Toolkit for CRISPR-Based Genome Editing. Molecular Plant 10, 1246-1249. Generation of inheritable and 'transgene clean' targeted genome-modified rice in later 5 9 7 generations using the CRISPR/Cas9 system. Scientific Reports 5, 1-10. Efficient A·T to G·C Base Editing by Cas9n-Guided tRNA Adenosine Deaminase in Rice. 
